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The VERITAS Dark Matter Program 
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The VERITAS array of Cherenkov telescopes, designed for the detection of gamma-rays in the 100 GeV-10 TeV 
energy range, performs dark matter searches over a wide variety of targets. VERITAS continues to carry out 
focused observations of dwarf spheroidal galaxies in the Local Group, of the Milky Way galactic center, and of 
Fermi-LAT unidentified sources. This report presents our extensive observations of these targets, new statistical 
techniques, and current constraints on dark matter particle physics derived from these observations. 
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The characterization of dark matter beyond its 
gravitational interactions is currently a central task 
of modern particle physics. A generic and well- 
motivated dark matter candidate is a weakly in- 
teracting massive particle (WIMP). Such particles 
have masses in the GeV-TeV range and may inter- 
act with the Standard Model through the weak force. 
Searches for WIMPs are performed at particle accel- 
erators |Fairbairn et al.|2QQ7 , where dark matter may 
be produced in high-energy collisions, and by low- 
background direct detection experiments which look 
for the scattering of dark matter particles off nuclei 
|Gaitskell||2QQ4| . In astrophysics, the problem is be- 
ing addressed through the field of ind irect detection 
|Jungman et al.|19 96 , Berg strom|2000| . Here the goal 
is the detection of the end-products of dark matter 
annihilation which can take place throughout the Uni- 
verse. 

Dark matter annihilation into Standard Model par- 
ticles generically gives rise to high-energy gamma- 
rays. There are several classes of experiments cur- 
rently searching for hints of such gamma-ray emis- 
sion. The Large Area Telescope (LAT) onboard the 
Fermi Gamma-ray Space Telescope constantly surveys 
the entire sky at energies of about 100 MeV up to a 
few hundred GeV. At higher energies, ground-based 
atmospheric Cherenkov telescopes perform searches 
for emission from specific targets. In this contribu- 
tion I review the dark matter searches currently being 
carried out by the Very Energetic Radiation Imaging 
Telescope Array System (VERITAS). 



2. VERITAS 



The VERITAS array [Weekes et aLl|2002[ |Holder 
et al. |2006| consists of four 12-meter imaging atmo- 
spheric Cherenkov telescopes (ACTs) located at the 
base of Mount Hopkins at the Fred Lawrence Whip- 
ple Observatory in Arizona. Such telescopes use the 



Earth's atmosphere as a target for high-energy cosmic 
particles. An incoming gamma-ray may interact in the 
Earth's atmosphere, initiating a shower of secondary 
particles that travel at speeds greater than the local 
(in air) speed of light. This entails the emission of 
ultraviolet Cherenkov radiation. The four telescopes 
of the VERITAS array capture images of the shower 
using this Cherenkov light. The images are analyzed 
to reconstruct the direction of the original particle as 
well as its energy. 

VERITAS is sensitive to showers initiated by 
gamma-rays with energies from around 100 GeV to 
more than 30 TeV. Because of the steep energy spec- 
tra of typical sources, fluxes in the VERITAS en- 
ergy band are much smaller than those seen with 
Fermi. However, the difficulty of measuring such small 
fluxes is mitigated by the enormous effective areas of 
ACTs. VERITAS is sensitive to gamma-ray show- 
ers incident over an (energy-dependent) area of ap- 
proximately 10 9 cm 2 (compare with ~ 10 4 cm 2 for the 
LAT). At 1 TeV the energy resolution of VERITAS is 
approximately 15%. The array has an angular resolu- 
tion of about 0.14° at 200 GeV and 0.1° at 1 TeV. 



3. Dark matter targets 



The particle physics governing the annihilation of 
cold dark matter is the same everywhere. Therefore, 
any location in the Universe that hosts a suitably high 
dark matter density is a target for an indirect search. 
The flux of gamma-rays from dark matter annihilation 
takes a surprisingly simple form 
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Here, dF/dEdVt is the flux of gamma-rays per energy 
per solid angle, (av) is the velocity- averaged cross 
section for dark matter self-annihilation and M x is 
the mass of the dark matter particle. The quantity 
dN 1 /dE is the energy spectrum of gamma-rays arising 
from a single annihilation. The last factor quantifies 
the distribution of dark matter along the line of sight. 
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The so-called J value is defined as 
dJ_ 



I 



dlp\ 



(2) 



where p x is the dark matter density and the integral 
is taken along a particular line of sight. 

Note that the dependence on the environment is 
completely captured in the J value; the other quanti- 
ties are universal properties of the dark matter parti- 
cle. In particular, the energy spectrum of annihilation 
is governed by the annihilation channel (e.g annihila- 
tion into quarks, leptons, photons, etc). Only at cos- 
mological distances is this spectrum expected to be 
attenuated by absorption or pair-production. 

Unlike charged particles, gamma-rays travel unde- 
flected from their point of emission. The excellent 
angular resolution of VERITAS therefore makes it 
a powerful instrument because it can target specific 
locations with a high dark matter density (large J 
value) . The Collaboration is currently focused on four 
classes of dark matter targets: nearby dwarf galaxies, 
the Milky Way galactic center, nearby galaxy clusters, 
and unidentified sources in the Fermi catalog. 

3.1. Dwarf galaxies 

Milky Way dwarf spheroidal galaxies are dark- 
matter dominated systems that orbit inside th e grav- 
itational potential of the Galaxy Walker 2012 . They 
are excellent targets for indirect detection because 
they are nearby, have large dark matter densities, and 
perhaps most importantly, contain no known gamma- 
ray sources. Therefore, any detection of gamma-rays 
from this class of objects becomes intriguing evidence 
for the annihilation of dark matter. 

In the absence of a signal, constraints can be placed 
on the dark matter mass and annihilation cross sec- 
tion so long as one has an estimate of the J value. 
Currently, the dark matter distribution in the dwarfs 
is modeled using the motions of their member stars 
(e.g. jStrigari et aT] |2007[ [2008] ). 

VERITAS has published the results of observations 
of Bootes I (14 hr), Draco (18 hr), Ursa Mino r (19 
hr), and Wilman 1 (14 hr) |Acciari et al.||2010l and 
deep observations of Segue 1 (48 hr) Aliu et al"[ 2012 . 
Figure [I] shows the upper limits on the dark matter 
annihilation cross section as a function of dark mat- 
ter mass derived from observations of the first four of 
these dwarf galaxies. The energy spectrum of gamma- 
rays from an annihilation, dN 1 /dE, was derived from 
a representative set of MSSM parameters. The aster- 
isks in the figure represent a scan over MSSM parame- 
ter space with the constraint that each model predicts 
a dark matter candidate with a relic density within 3 
standard deviations o f that determined b y three- year 
WMAP observations [Spergel et aT1|2007 
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Figure 1: Upper limits on the dark matter annihilation 
cross section derived from VERITAS observations of four 
Milky Way dwarf galaxies. Asterisks correspond to a 
model scan of MSSM parameter space subject to a relic 
abundance constraint. Figure taken from |Acciari et aT] 
[2010] . 
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Figure 2: Significance map of the region surrounding 
dwarf galaxy Segue 1. The cross is at the location of the 
dwarf galaxy and the circles denote regions excluded 
when determining the background (one centered on 
Segu e 1, the othe r on a bright star). Figure taken from 
Aliu et al.|[2012| . 



No significant gamma-ray excess was detected from 
the 48 hour observation of Segue 1. The significance 



map of the region surrounding the dwarf galaxy is 
shown in Fig. [2] Here, the cross marks the location of 
Segue 1 and the circles denote regions excluded when 
determining the background. One is centered on the 
dwarf galaxy, the other on an unrelated bright star. 
As with the other dwarf galaxies, upper limits can be 
placed on the dark matter annihilation cross section. 
These limits are shown in Fig.[3j where each curve rep- 
resents the limit from a different annihilation channel. 
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Figure 3: Annihilation cross section upper limits derived from observations of the dwarf galaxy Segue 1. Each curve 
represents a different annihilation channel. T he cross section re quired to reproduce the observed relic abundance is 
shown by the gray bands. Figures taken from Aliu et al. [2012 . 



The gray region indicates the cross section required to 
reproduce the dark matter abundance observed today. 
This represents a lower limit to the allowed cross sec- 
tion in generic WIMP models: WIMPs with a smaller 
cross section would be overabundant today. There- 
fore, the parameter space for general WIMP models is 
bounded at both ends. Further observations by VER- 
ITAS and many other experiments will continue to 
tighten the upper limits on the cross section. 




3.2. Clusters 



While further away, galaxy clusters are much larger 
than dwarf galaxies. In fact, these systems are the 
largest dark matter structures in the Universe. Be- 
cause of their high dark matter densities and dense 
substructures they represent an attractive class of in- 
direct detection targets. However, clusters contain 
large reservoirs of hot gas which will interact with 
cosmic rays. This results in the production of pions 
which then decay into gamma-rays. This gamma-ray 
emission, highly interesting in its own right, consti- 
tutes a background for dark matter searches. In such 
searches there is often a tradeoff between high dark 
matter densities and astrophysical backgrounds. 

VERITAS has published comprehensive results 
from a 19 hour observation of the Coma cluster |Arlen| 
No significant gamma-ray excess was 
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Figure 4: Upper limits on the dark matter annihilation 
cross section derived from observations of the Coma 
galaxy cluster. Different lines are upper limits assuming 
different annihilation channels. Figure taken from | Arlen | 
et al.||2012 . 
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seen. This allows interesting constraints to be placed 
on models of Coma's cosmic ray population and mag- 
netic fields as well as on dark matter annihilation. Fig- 
ure [4] shows the upper limits on the dark matter anni- 
hilation cross section derived from the null-detection 
of Coma. In this analysis no gamma-ray background 
from cosmic rays was assumed, making the limits con- 
servative. 



3.3. Galactic center 

The Milky Way galactic center is expected to be, 
by far, the brightest source of dark matter annihila- 
tion. This is due to its proximity (8 kpc) and its very 
large expected dark matter density. Because baryons 
dominate the mass distribution in this region there is 
a great deal of uncertainty on the dark matter dis- 
tribution near the Galactic center. Nonetheless, the 
J value for the galactic center is likely several orders 
of magnitude larger than those of the nearby dwarfs. 
The search at the Galactic center is complicated by 
a very large astrophysical background of gamma-rays 
arising from known and unknown point sources and 
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Figure 5: Preliminary significance map of the Galactic 
center based on 46 hours of observation with VERITAS. 
Sources from the Fermi catalog are shown as light blue 
circles. Sources and diffuse emission detected by H.E.S.S. 
are shown with solid and dotted black contours. 



from cosmic ray interactions with gas. 

Figure [5] shows a preliminary significance map de- 
rived from 46 hours of VERITAS observations of the 
Galactic center. The locations of sources in the Fermi 
2Q12| are shown with light blue 
Sources detected by H.E.S.S. as well as dif- 



catalog Nolan et al. 



Aharonian et al. 



circles 

fuse e mission detected by H.E.S.S. 
2006 are shown with black solid and dotted con- 
tours. Emission from the galactic center is detected 
at 19a. However, it cannot be unambiguously claimed 
that this signal to due to dark matter annihilation. 
The H.E.S.S. atmospheric Cherenkov telescope has 
reported the detection of diffuse emission along the 
Galactic ridge. Dark matter is not expected to clus- 
ter in the Galactic plane and so this diffuse emission is 
almost certainly the result of other astrophysical pro- 
cesses. The expected spherical morphology of the dark 
matter emission, however, can be used in an indirect 
search. The idea is to look toward the Galactic center 
but slightly away from the Galactic plane, avoiding 
much of the astrophysical background. This analysis 
is ongoing within the VERITAS collaboration. 

3.4. Fermi unidentified objects 

The Fermi LAT has detected many gamma-ray 
sources that have no known counterpart at other 
wavelengths. It has been suggested that such uniden- 
tified objects may be nearby dark matter halos. To 
explore this possibility two of these sources were se- 
lected for observation by VERITAS. The selection cri- 
teria are based on how likely the source is to be as- 
trophysical as well as on the detection prospects for 



VERITAS. Variable sources as well as those close to 
the Galactic plane are ruled out as they are not likely 
to be dark matter halos. Sources with hard spectra 
and those detected at the highest energies by the LAT 
are preferred. Figure [6] shows significance maps for 
the two sources which have been observed. They are 
2FGL J0312.8+2013 (10 hr) and 2FGL J0746.0-0222 
(9 hr). No significant detection can be reported from 
either at this time. 



4. New analysis techniques 

Along with deeper observations of multiple dark 
matter targets, the VERITAS collaboration is explor- 
ing new analysis techniques designed to optimally ex- 
tract the particle physics from the observations. So 
far, all dark matter limits have been constructed sepa- 
rately for each individual target. However, the physics 
of dark matter annihilation is the same across all tar- 
gets. Therefore, it makes sense to combine the data 
taken on multiple observations into a single dark mat- 
ter result. This is being performed using the frame- 
work developed in Geringer-Samet hand Koushiappas| 



[2011 , 2012 . In this analysis, detected events from 
different fields are weighted according to how likely 
they are to be due to dark matter as opposed to back- 
ground processes (i.e. a Segue 1 event is given more 
weight than a Bootes I event since Segue 1 has a larger 
J value). This will allow the complete collection of 
observations to be reduced into a single dark matter 
search or cross section upper limit. 



5. Conclusions 

VERITAS continues to perform dark matter 
searches across multiple classes of targets. Signifi- 
cant additional exposure has already been devoted to 
Draco (35 hr), Ursa Minor (36 hours), and Segue 1 
(48 hours) with more observations planned. This will 
result in a data set of nearly 200 hours of observation 
across several dwarf galaxies. The full data set will be 
analyzed simultaneously, resulting in the most sen- 
sitive possible search given the available data. The 
VERITAS collaboration is proceeding with observa- 
tions and analysis of the Galactic center and of Fermi 
unidentified sources and will publish its results in the 
near future. 
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Figure 6: Preliminary significance map of two Fermi unidentified sources observed with VERITAS. Left: 2FGL 
J0312.8+2013. Right: 2FGL J0746. 0-0222. 
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